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Pore-forming toxinsLysenin, a 297 amino acid pore-forming protein extracted from the coelomic ﬂuid of the earthworm E. foetida,
inserts constitutively open large conductance channels in natural and artiﬁcial lipid membranes containing
sphingomyelin. The inserted channels show voltage regulation and slowly close at positive applied voltages.
We report on the consequences of slow voltage-induced gating of lysenin channels inserted into a planar Bilayer
Lipid Membrane (BLM), and demonstrate that these pore-forming proteins constitute memory elements
thatmanifest gating bi-stability in response to variable external voltages. The hysteresis inmacroscopic currents
dynamically changes when the time scale of the voltage variation is smaller or comparable to the characteristic
conformational equilibration time, and unexpectedly persists for extremely slow-changing external voltage
stimuli. The assay performed on a single lysenin channel reveals that hysteresis is a fundamental feature of the
individual channel unit and an intrinsic component of the gatingmechanism. The investigation conducted at dif-
ferent temperatures reveals a thermally stable reopening process, suggesting that major changes in the energy
landscape and kinetics diagram accompany the conformational transitions of the channels. Our work offers
new insights on the dynamics of pore-forming proteins and provides an understanding of how channel proteins
may form an immediate record of the molecular history which then determines their future response to various
stimuli. Such new functionalities may uncover a link betweenmolecular events andmacroscopic processing and
transmission of information in cells, and may lead to applications such as high density biologically-compatible
memories and learning networks.current–voltage; Popen, open
ng toxin; V1/2, midway voltage
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Proteins and peptides that form membrane spanning pores and
channels are essential for life [1,2]. Although their primary role is to
selectively trafﬁc ions and molecules across the cell membrane,
their activity is crucial in sustaining fundamental processes such as
maintaining the electrochemical gradients across the cell membrane,
generating the electrical impulses in nerves and other excitable cells,
or actively participating in energy production processes [2]. Each par-
ticular functional feature of a PFP is related to a speciﬁc biological
functionality, and their exploration may prove fruitful in deciphering
novel yet inscrutable biological implications of such bio-molecular
structures. One of the most intriguing and less understood features
expressed by PFPs specializing in ionic transport (ion channels) istheir bi-stability manifested as hysteresis in conductance observed
in response to variable external voltages [3–5]. The importance of
such manifestation resides in the fact that hysteresis is the main
mechanism exploited in data storage and emerging memory applica-
tions [6–8]. The exploration of such functionalities at biomolecular
levels may uncover a link between molecular events and macroscopic
processing and transmission of information in cells in the absence of a
brain [9]. The dynamic break in symmetry and the resulting hysteresis
in artiﬁcial systems are due to the competing time scales between the
period of an oscillating external perturbation and the typical relaxation
time of the system [10]. Voltage-gated ion channels are no exception
and showdynamic hysteretic conductancewhen direct competition be-
tween the period of the oscillating applied voltage and the characteristic
relaxation time of the conformational transitions from open to close
states occurs [3–5,11,12]. This phenomenon may have profound impli-
cations in deciphering new biological functions attributable to PFPs and
ion channels, but insightful explorations in this ﬁeld are rather scarce.
The lack of availability of puriﬁed channels, their often difﬁcult insertion
and low stability in an artiﬁcial environment, alongwith fast conforma-
tional equilibration in response to external voltages impeded a real ad-
vancement in understanding such new features. Moreover, patch-
clamp experiments performed on ultra-slow voltage-inactivated ion
channels reveal the hysteretic behavior [3,13,14] but themissing analysis
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its origin difﬁcult. In this line of inquiries, we searched for other
voltage-responsive PFPs that possess similar features to ion channels
and allow extended analysis in artiﬁcial planar BLMs.
We focused the attention on lysenin, a 297 amino acid PFP extracted
from the earthworm E. foetida [15,16] that shares many important fea-
tures of ion channels like voltage-regulation and high transport rate
[17–19]. Lysenin self-inserts into cell membranes and artiﬁcial lipid bi-
layers containing sphingomyelin to form large uniform and stable chan-
nels (~3 nm diameter) [15–19] upon oligomerization of six monomer
protein units. Owing to its high toxicity against vertebrates and hemo-
lytic activity for red blood cells, lysenin is often referred as a PFT posing
a defensive physiological role. Although considered ineffective against
invertebrates [20–22], lysenin demonstrates a slight anti-bacterial ac-
tivity, but the sphingomyelin-independent permeabilization does not
lead to the formation of deﬁned oligomeric structures [23].
Unfortunately, there is no high resolution structural data currently
available for lysenin. Various experimental and theoretical approaches
indicate that the protein contains ~55% β-structures [15,24]. Common
features such as the lack of hydrophobic stretches and the ability to or-
ganize highly-ordered and stable oligomeric pores suggest a direct
comparison with the class of β-barrel channels [25–28]. However, lyse-
nin does not share sequence similaritieswith other knownPFTs, and the
requirement of sphingomyelin as a speciﬁcmembrane acceptor for olig-
omerization and pore formation is unique.
Symmetrical voltage-induced gating is considered a fundamental
feature of porins andβ-barrel pores [25]. However, asymmetrical voltage
gating has been observed for bacterial porins, but their sustained inacti-
vation occurs in response to high transmembrane voltages [25,29,30].
The lysenin channels' asymmetrical I–V characteristic shows a strong
non-linearity in a narrow voltage range (rather similar to α-helical
voltage-gated channels), and the discrete and uniform current blockages
measured through individual channels are thought as conformational
transitions that accompany the voltage induced toggle from the open
to the closed state [18]. Lysenin channels exhibit very slow equilibration
of a voltage-dependent step in the gating mechanism [18] and slow in-
activation (channel closing) is observed as decreases in macroscopic
currents at low positive holding potentials (N20 mV) [17,18]. We hy-
pothesized that such slow conformational equilibration of lysenin chan-
nels can induce hysteretic conductance in response to variable external
voltages as predicted by the analytical model advanced by Pustovoit et
al. [12], thus providing the physical requirements for lysenin channels
to potentially express bio-molecularmemory. We investigated the lyse-
nin channels' response to oscillatory voltage stimuli, and our exploration
unveiled inscrutable functionalities and dynamic changes that may
prove useful in deciphering new physiological implications of voltage-
gated PFPs.
2. Materials and methods
TheBLMchamber consisted of twoTeﬂon reservoirs (1 ml each) sep-
arated by a thin Teﬂon ﬁlm in which we fabricated a ~70 μm diameter
hole by using an electric spark. The BLM was composed of Asolectin,
Sphingomyelin, and Cholesterol dissolved in n-decane in a 1:1:0.5
weight ratios [17,18], and formed by using the painting method. If not
otherwise indicated, 135 mM NaCl buffered with 20 mM Hepes, pH 7,
was used as the support electrolyte. The electrical connections were
completed by two Ag/AgCl electrodes inserted into the electrolyte solu-
tion on each side and connected to the headstage of an Axopatch 200B
ampliﬁer (Molecular Devices). Membrane currents were recorded
under voltage clamp conditions and digitized using a DigiData 1440A
digitizer and pClamp10 software (Molecular Devices). The channels
were inserted into the BLM by adding lysenin (ﬁnal concentration
0.2 nM, used as purchased fromSigma) to the grounded reservoir. Chan-
nel insertion was observed by recording the ionic open currents at −
90 mV bias voltage (Fig. S1A). After a stable open current was obtainedin less than 1 h (Fig. S1B), the grounded reservoir was ﬂushed with
20 ml fresh electrolyte to remove the non-inserted proteins. The slow
equilibration of lysenin channels was assessed bymeasuring themacro-
scopic currents as a function of time in response to step voltages, and the
hysteretic behavior was demonstrated by using linear and symmetrical
triangle-shaped voltage ramps deﬁned in the Episodic Stimulation Pro-
tocol, with the sampling rate chosen to yield at least 2000 samples/run.
The cut-off frequency of the low pass ﬁlter was set individually for each
experiment to be at least ten times higher than the sampling frequency.
Except for the variable-temperature experiment, the measurements
were performed at room temperature (22±0.5°C). When required, the
temperature was controlled by a Planar Lipid Bilayer Thermocycler
(Warner Instruments) and continuously monitored with a digital ther-
mometer. Continuous stirring of the solutions in the BLM chamber was
assured by a low noise magnetic stirrer (Spin-2 Stirplate, Warner Instru-
ments). The acquired data were further analyzed using Clampﬁt 10.2
and Origin 8.
3. Results and discussions
3.1. Slow equilibration of lysenin channels in response to external
voltages
Slow equilibration of conformational changes that switch the ion
channels from the conducting to the non-conducting state in response
to external voltage stimuli is an essential condition for observing dy-
namic hysteresis in macroscopic currents [12]. External positive volt-
ages close the lysenin channels and result in a slow but sustained
decrease in the macroscopic currents [18]. However, the channels'
reopening and reinstatement of conducting properties in response to
appropriate voltages have been consistently neglected.
Themacroscopic current (I) through a population of uniform lysenin
channels in response to step voltages (neglecting the capacitive compo-
nent) is dependent on the applied voltage (V), the unitary conductance
of an individual channel (g0), and the instantaneous number of open
channels in the population [31]:
I ¼ Vg0NPopen V ; tð Þ ð1Þ
where N is the total number of pores in the population.
The evolution of the open probability after a discrete voltage
change is described by [11]:
Popen tð Þ ¼ Peq− Peq−Pi
 
exp −t=τð Þ ð2Þ
where Pi is the open probability at the previous voltage, and Peq de-
notes the equilibrium open probability at the new voltage. The
above relationships were used to estimate the time constant (τ)
from the current traces recorded in response to various voltage steps.
When we applied a positive step voltage (+60 mV) across a BLM
containing a population of inserted lysenin channels, the macroscopic
current slowly decreased and indicated that the channels closed (Fig. 1)
[17,18]. The large value of the time constant (τ~11 s) corresponding
to closing (inactivation) demonstrated that the lysenin channels' con-
formational changes were much slower compared to ion channels
[5,32]. The reopening of the voltage-closed channels (reactivation)
was initiated by subsequent application of either negative or low posi-
tive voltages (Fig. 1). Although the channels' reactivation was faster in
response to an applied step voltage of −60 mV than an applied step
voltage of +10 mV, neither of these processes were relatively rapid
and required between 10 s and 1 min to reach the equilibrium. This
ﬁrst experiment demonstrated that both inactivation and reactivation
of lysenin channels in response to external voltages are slow processes,
which constitutes the prerequisite for a dynamic hysteretic response in
conductance [12].
Fig. 1. Slow response of lysenin channels to step voltages is an essential condition for dynamic hysteresis in response to variable external voltages. (A) A positive step voltage of+60mV
slowly closes (inactivates) the channels. The closed channels reopen (reactivate) when a negative potential of−60 mV is applied across the bilayer. (B) The lysenin channels previously
closed by a +60mV step voltage slowly reopen (reactivate) in response to a low positive voltage step of +10mV. The time constants (τ) were determined by ﬁtting the experimental
data with single-term exponential functions.
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currents
To further analyze the inﬂuence of the voltage rate on inactivation
and reactivation and to observe the predicted hysteresis, we measured
the macroscopic currents through a population of lysenin channels in
response to linear-variable voltage ramps with voltage rates ranging
from 1 Vs−1 to 0.025 mVs−1 and amplitudes up to 100 mV. Rapid volt-
age ramps (1 Vs−1) yielded ohmic and identical I–V curves over the en-
tire voltage range (Fig. 2A) for both ascending (inactivation curve) and
descending voltage (reactivation curve) applications. The linearity and
the constant slopes of the resultant curves indicated negligible changes
in the conducting state of each channel during the voltage stimulation.
We concluded that the time scale of the stimulus was much shorterFig. 2. Thehysteresis inmacroscopic currents through lysenin channels in response to external lin
curve, gray: descending voltage/reactivation curve). (A) 1 Vs−1. (B) 0.01 Vs−1. (C) 0.2 mVs−1. (D
in macroscopic current. (F) The variation of the hysteresis loop area (1 nW=1 nA*1 V) as a funthan the characteristic equilibration time of lysenin channels, and the
rapid voltage variation did not allow the channels to adjust their confor-
mation in response to instantaneous voltages and close. Consequently,
the lack of inactivation during the rapid voltage stimulation resulted
in a linear and symmetrical response.
A onehundred-fold decrease in the voltage rate to 0.01 Vs−1 affected
the response linearity and broke the symmetry (Fig. 2B). The initial I–V
curve in its pre-switching state (Vb40mV) exhibited an ohmic charac-
teristic and indicated that even when the bias voltage exceeded the ef-
fective threshold required to promote switching (~20 mV) [17,18] the
channels did not close because the application time was shorter than
the required equilibration time. Nevertheless, the non-linear current re-
sponse at voltages greater than ~40 mV indicated that the positive volt-
ages in this range promoted channel inactivation, and this switching toear-variable voltage stimuliwith various sweep rates (black: ascending voltage/inactivation
) 0.05 mVs−1. (E) The channels' open probability determined from (c) reﬂects the hysteresis
ction of voltage sweep rate (n=2–10, ±s.d.).
Fig. 3. Long-term hysteresis in the voltage-induced gating of lysenin channels. The
macroscopic current through lysenin channels determined during slow ascending
(black) and descending (gray) voltage sweeps (~3.3 μVs−1).
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currents while increasing the applied voltage. Descending voltages
yielded macroscopic currents that followed a different I–V trajectory.
At the beginning of the descending ramp, the macroscopic current de-
creased faster than the descending voltage and indicated a continuation
of channel closure. Eventually, further decrease in the applied voltage
initialized channel reactivation observed as an increase in conductance
while decreasing the voltage. However, the resulting currents were
lower than those recorded during the ascending ramp until the applied
voltage decreased to a fewmVwhere the I–V characteristic regained its
ohmic attribute and overlapped the inactivation curve.
The bi-stability seen as a distinctive split of the stimulus–response
relationship between themacroscopic currents recorded during the lin-
early swept ascending and descending voltages demonstrated the pre-
dicted hysteresis in conductance. Apparently, the non-symmetrical
response originated in the dynamic hysteresis introduced by the lag be-
tween the voltage variation and the dynamic conformational equilibri-
um, and open-close transitions occurred only in response to sufﬁciently
slow voltage changes. A salient feature of dynamic hysteresis resulting
solely from slow equilibration is that it should vanish in the limiting
cases of very rapid and very slow voltage variations [11,12]. We ob-
served that the ascending and descending I–V curves collapsed to indis-
cernible straight lines when the voltage changed rapidly, while slower
voltage variations induced a hysteretic behavior. A further reduction in
the voltage rates to 0.2 mVs−1 and 0.05 mVs−1 (Fig. 2C, D) accentuated
the non-linearity and produced steeper transitions from the conducting
to the non-conducting regimes, observed as dynamic negative differen-
tial resistances [17]. Nevertheless, the non-symmetrical response
remained, although the time-scale of the voltage stimulus was much
larger than the characteristic relaxation time of the lysenin channels,
and suggested a small persisting hysteresis. The hysteresis in conduc-
tance was fully reﬂected in the open probability extracted from the cor-
responding macroscopic current [31–33] recorded during inactivation
and reactivation at 0.2 mVs−1 (Fig. 2E). The observed leftward shift of
Popen for descending voltages and the ~11 mV displacement in V1/2
were consistent with the macroscopic current hysteretic response.
Further analysis of the hysteresis dependency on the voltage rate in
terms of loop area as a measure of hysteresis (Fig. 2F) conﬁrmed two of
the principal attributes of dynamic hysteresis [12]: its disappearance for
fast voltage variations, and the characteristic bell shape. However, the
macroscopic current response stabilized for voltage rates less than
0.2 mVs−1, and the loop area asymptotically decreased to a small but
non-zero value contrary to the dynamic hysteresis model predictions
[12]. The hysteresis in conductance was expected to completely disap-
pear when the period of the oscillatory voltage stimulus greatly
exceeded the characteristic relaxation time of lysenin channels, which
did not happen. To check the hysteresis persistency at exceedingly lon-
ger time scales we measured the macroscopic current in response to a
very slow changing voltage (~3.3 μVs−1) (Fig. 3). Although the period
of the variable voltage stimulus (~48,000 s) greatly exceeded (by sever-
al orders) the characteristic equilibration time of the lysenin channels, a
small yet stable hysteresis was observed and indicated the possibility of
one or more supplementary hidden steps in the gating mechanism as a
source of the long delay. Alternatively, the persistent bi-stability could
be explained by considering a static hysteresis in conductance as a fun-
damental intrinsic feature of the lysenin gatingmechanism. To discrim-
inate between the two possibilities, the experiments should be
performed at time scales much larger than what we used, but the well
known instability of an unsupported BLM impeded that investigation.
3.3. The hysteresis in conductance is an intrinsic property of a single
lysenin channel
Next,we investigated hysteresis as an intrinsic characteristic of an in-
dividual channel versus a population of channels by conducting the ex-
periments on a single channel. The classical approach to estimate Popenfrom the dwell time at ﬁxed transmembrane potentials [5,34,35] proved
difﬁcult owing to the very low transition frequency. This limitation was
circumvented by determining the instantaneous probability of the single
channel to be open or closed at various voltages during voltage ramp
stimulation. A corresponding probability (1 for open, 0 for closed) was
assigned to each voltage value by observing the current and determining
the conducting state, and the average probability was calculated from
multiple runs. In order to reduce the dynamic component of the hyster-
esis, we used a low rate of voltage change (0.1 mVs−1). The current
recorded successively through the same single-channel for both ascend-
ing and descending voltage stimuli (see a typical run in Fig. 4A) showed
that the channel behavior can be approximated as a two state system,
and reactivation occurred at a lower voltage than inactivation. The aver-
age Popen of a single channel (Fig. 4B) showed a leftward shift during
reactivation and a bi-stability similar to that observed for an entire pop-
ulation of lysenin channels (see Fig. 2E). Therefore, the hysteresis ob-
served for a population of lysenin channels was a consequence of the
hysteresis in the open probability of a single channel.
A population of lysenin channels act as two-terminal controlled
switches that adoptmultiple resistance states in response to applied volt-
ages [17] andmanifest memory capabilities, which is the classical deﬁni-
tion of memristance (memory-resistance) [36,37]. Memristance has
been predicted to serve as the foundation for understanding a multitude
of non-linear behaviors previously observed in the I–V characteristics of
nano-scale electronic devices, such as bipolar switching, negative differ-
ential resistance, or hysteretic conductance [38]. At the single channel
level, each individual unit can be described as a nano-scale bi-stable sys-
tem that has the potential to achieve one of twopossible states character-
ized by different resistances dependent on the applied voltage and the
history of the system.Hence, a lysenin channel has the ability to “remem-
ber” its previous state indicating intrinsicmemory expressed by a simple
bio-molecular nano-structure. Such memristive elements simulate the
mechanisms of biological memory [39] and they may constitute the ex-
planatory basis of the intelligent abilities and memory displayed by uni-
cellular organisms [9] or other cells without involving brain functions.
3.4. Temperature effects on macroscopic currents through lysenin
channels
The lack of knowledge regarding structural changes that accompany
the conformational transitions resulting in lysenin ON–OFF switching
constitutes a serious impediment in advancing any mechanistic model
of the channel functionality. The resistance of each channel depends
on external variables such as voltage and electrolyte conditions, and
its instantaneous conducting state. The open-closed transition is con-
ventionally considered a thermally driven process [40,41] characterized
by temperature-dependent kinetic rates related to one or more energy
barriers separating individual states. To advance our understanding in
Fig. 4. The hysteresis inmacroscopic currents is a consequence of the hysteretic response in the voltage-induced gating of a single lysenin channel (black: ascending voltage/inactivation
curve, gray: descending voltage/reactivation curve, voltage sweep rate 0.1 mVs−1). (A) A typical I–V curve recorded for a single lysenin channel that shows the gating hysteresis. (B) The
single-channel open probability measured from the I–V curves recorded for a single channel (n=140, ±s.e.m.).
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gating behavior and the hysteretic properties by conducting the I–V
measurements at different temperatures (Fig. 5).
The voltage required to inactivate the lysenin channels decreased at
higher temperatures, which was observed as a gradual leftward shift of
the inactivation curve (Fig. 5A). The temperature inﬂuence on inactiva-
tion was conﬁrmed by determining Popen from the macroscopic cur-
rents (Fig. 5B), and indicated a gradual rightward shift of Popen and
V1/2 displacement up to ~16 mV upon cooling. Unexpectedly, no lateral
shift of reactivation was recorded during descending voltage ramps
(Fig. 5C) for the entire temperature range, and Popen and V1/2 remained
virtually unchanged for the same conditions (Fig. 5D). Lysenin channels
exhibited gating thermosensitivity similar to other ion channels [42–
45] only during ascending voltage sweeps, while returning voltages in-
dicated temperature-adamant open probabilities. We interpreted the
temperature dependence based on the general principle of ion channels
temperature sensitivity previously formulated by Voets et al. [43,44].
According to this principle, the energies associatedwith channel openingFig. 5.Macroscopic currents and open probabilities of lysenin channels in response to linear vo
currents recorded during ascending voltage ramps show a leftward shift in the inactivation curv
ramps. (C) The macroscopic currents recorded during descending voltage ramps. (D) The openand closing transitionsmust be sufﬁciently different tomanifest temper-
ature sensitivity, and less pronounced temperature sensitivity indicates
similar transitional energy barriers. The open probability of lysenin chan-
nels expressed thermal sensitivity during ascending voltage ramps, and
this response suggested different energy barrier heights for opening
and closing. On the contrary, the open probability during descending
voltage ramps demonstrated negligible temperature inﬂuence and sug-
gested similar energy barrier heights for channel closing and opening.
These intriguing results can be explained by accounting for major dy-
namic differences in the free energy proﬁles corresponding to inactiva-
tion and reactivation, which may be consequences of conformational
transitions, of the time elapsed in a particular state, or of the direction
of the voltage changes [3].
These ﬁndings establish a link between the hysteretic behavior and
the unusual temperature dependency. The reopening of lysenin chan-
nels during descending voltages is realized through an invariant I–V tra-
jectory. The persisting hysteresis stems from the stable reactivation
pathway, which endows lysenin with unique properties and memoryltage ramps (0.1 mVs−1) at different temperatures (as indicated in (A)). (A) Macroscopic
ewhen temperature increases. (B) The open probabilities calculated for ascending voltage
probabilities calculated for descending voltage ramps.
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channels manifested not only in response to external voltages but in re-
sponse to temperature changes aswell, andwe did not identify any pre-
vious reports of similar properties of other PFPs, including ion channels.
The classical kinetic diagrams and energy levels described by Markov
processes [40] cannot adequately describe these properties, and new
dynamical approaches must be developed for a true understanding of
such new and unexpected functionalities [46,47].
4. Conclusions
Previous work on voltage-gated channels do not report hysteresis in
conductance that persists at such large time scales, especially those ex-
ceeding the characteristic relaxation time of the conformational equili-
bration [3–5]. Moreover, lysenin is neither an ion channel nor a
transmembrane protein in its native environment, and its physiological
role is still uncertain. Its cytolytic activity suggests a PFT, but when
inserted into artiﬁcial BLMs lysenin replicates fundamental properties
of ion channels that do not match the classic proﬁle of PFTs. It is difﬁcult
to understand why a lethal PFT would close and lose its lytic activity in
response to certain transmembrane potentials [17,18] or in the presence
of very low concentrations of multivalent cations [48]. Such intricate
functionalities complicate any attempt to elucidate its true physiological
role and the novel features unveiled in this work only adds to its obscu-
rity. The complex response to voltage,multivalent ions, and temperature
suggests strong and multi-potent sensing capabilities but there is no
data supporting such a physiological role.
Lysenin channels demonstrate memory capabilities by exhibiting
multiple resistance states dependent on the applied voltage and their
history. The assay conducted on artiﬁcial BLMs demonstrated that hys-
teresis and memory are inherent features of the lysenin channels gating
mechanism rather than the result of an external biochemical regulatory
factor. The concept of bio-molecularmemory demonstrated in our study
provides an understanding of how channel proteins found in living cells
may form an immediate record of themolecular history which then de-
termines their future response to various stimuli. We anticipate this
study will initiate expanded investigations aimed at identifying similar
functionalities of ion channels to understand how their response to var-
ious stimuli is inﬂuenced by their molecular history. Other PFPs with
similar features, especially ion channels, present in cell membranes
may constitute the explanatory basis for cellular memory phenomena
recently unveiled [9]. Further research will be required to extrapolate
these ﬁndings to physiologically relevant ion channels such as HCN
channels [4] or slow C-type inactivated channels [49]. In themeanwhile,
we expect that our results will advance understanding in the obscure
physiological role of lysenin and expand our knowledge regarding the
functionality of pore forming toxins, while opening innovative ap-
proaches in developing smart bio-compatible nano-scale devices.
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